An ickel-catalyzed aryl thioether metathesis has been developed to access high-value thioethers.1 ,2-Bis(dicyclohexylphosphino)ethane (dcype) is essential to promote this highly functional-group-tolerant reaction. Furthermore,s ynthetically challenging macrocycles could be obtained in good yield in an unusual example of ring-closing metathesis that does not involve alkene bonds.In-depth organometallic studies support ar eversible Ni 0 /Ni II pathway to product formation. Overall, this work not only provides am ore sustainable alternative to previous catalytic systems based on Pd, but also presents new applications and mechanistic information that are highly relevant to the further development and application of unusual single-bond metathesis reactions.
pharmaceuticals, [2] [3] [4] materials, [5] photoinitiators, [6] and fragrances. [7] Thus,t he manipulation of C(sp 2 )ÀSb onds has recently become an active research area in transition-metal catalysis. The formation of C À Sb onds has greatly benefited from the advent of modern cross-coupling reactions,a nd aw ide variety of electrophilic precursors can now be readily employed to generate complex aromatic thioethers,u sing ad iverse range of metal catalysts such as Pd, [8a-c] Cu, [9] and Ni. [10a-c] (Scheme 1a). In contrast, the cleavage of CÀSbonds under catalytic conditions has only recently become asubject of intense research efforts in catalysis (Scheme 1b). In these reactions,t he thioether group can effectively act as an alternative to traditional cross-coupling handles such as (pseudo)halogens,t hereby providing new approaches to synthesize and derivatize complex synthetic intermediates. [11a-h] We have recently introduced an ew concept for the manipulation of thioethers that involves both the formation and cleavage of carbon-sulfur bonds through ar eversible single-bond metathesis process [12, 13] (Scheme 1c). However, the previously reported Pd-based catalytic system exhibited several limitations with regards to potential applications: 1) the cost of the Pd precatalyst can be prohibitive for largerscale reactions; [14] 2) the scope with respect to the alkyl thiols was limited to unfunctionalized compounds,t hus precluding many synthetic applications such as ring-closing reactions; 3) the lack of mechanistic information about the reaction limits further catalyst development.
Herein, we report an ickel system for the CÀSb ond metathesis of ab road range of functionalized coupling partners (Scheme 1d). Thei mproved reactivity of the Ni system was key to developing the first example of ar ingclosing metathesis reaction of CÀSb onds that enables rapid access to synthetically challenging macrocycles.T he isolation and characterization of three catalytically competent complexes provide clear support for aNi 0 /Ni II catalytic cycle.
We began our investigation using Ni(COD) 2 as aprecatalyst and thioanisole and cyclohexanethiol as benchmark substrates.I nitial evaluation of different ligands led to the recovery of starting materials (see Table S1 in the Supporting Information). After detecting the metathesis product in 8% yield after using Xantphos as al igand, we evaluated several other bidentate phosphine ligands.T he combination of a1,2bis(dicyclohexylphosphino)ethane (dcype) ligand and Ni-(COD) 2 (5 %) gave the best result, with the product obtained in 95 %yield. [15a-c] Awide range of thioanisole derivatives worked efficiently with the Ni catalyst (Table 1) . Indeed, electron-neutral (3aa, 3ab and 3ac), electron-rich (3ad, 3ae, 3af, 3ag and 3ah), and electron-poor (3ai, 3aj, 3ak, 3al, 3am and 3an)a renes were tolerated under our reaction conditions,providing the desired products in good to excellent yield. This method proved to be highly efficient in the presence of heterocyclic compounds (3ao, 3ap, 3aq and 3ar). Bicyclic compounds such as naphthalene (3as,9 5%), quinoline (3at,9 5%)a nd benzoxazole (3au,7 1%)w ere also found to be competent. Product (3ax)w as obtained in 86 %y ield, thus demonstrating that alkenyl substrates are suitable substrates for the reaction. The reaction also worked with at hiomethylether in the benzylic position, affording (3ay)i n7 8% yield, which hints at the possibility to reversibly cleave activated C(sp 3 ) À Sb onds under nickel catalysis.N otably,t he same reaction using the previously reported palladium system resulted in poor conversion. Commercially relevant molecules bearing at hioanisole moiety were modified next. Thew idely used photoinitiator MMMP [6] led to product (3az)f ormation in 91 % yield. Aderivative of fexinidazole,adrug for treating sleeping sickness, [16] also resulted in the formation of the desired product (3aaa)i n7 5% yield, thus demonstrating the potential of this reaction for derivatizing ArSR-containing bioactive molecules.N otably,t his method proved to be efficient with arenes bearing an ortho substituent (3aab & 3aac). Remarkably,a sl ittle as 0.5 mol %o ft he catalyst was sufficient to reach 86 %yield on alarger scale (3aa), aresult that clearly shows that the more sustainable nickel system can be as active as palladium.
Next, we evaluated the scope of the reaction with regards to the thiol partner (Table 2) , since only few functionalized thiols were tested previously.W ef irst tried readily available alkyl thiols such as primary (2a-2d), secondary (2e-2g), and tertiary (2h-2j)t hiols.I na ll of these cases,t he metathesis product was obtained in more than 80 %y ield. Thiocitronellol, which bears an alkene functionality that could deactivate the nickel catalyst through chelation, [17] was ac ompetent partner,g iving the expected product (3bk)i n9 3% yield. Moreover,(S)-thioprolinol, which contains abasic amine,also led to the coupling product (3bl)i ng ood yield (80 %). We further explored the scope by using alkyl thiols bearing important functional groups such as ether (3bn,90%), nitrile (3bo,7 5%), thioether (3bp,9 1%), amide (3bq,8 0%), sulfone (3br,4 3%), tetrahydropyran (3bs,4 6%), and azetidine (3bt,4 6%)g roups.T he efficiency of the Ni system encouraged us to develop the first example of ar ing-closing thioether metathesis,w hich led to the formation of the corresponding thiochromane product (3bu,9 3%). At hiospirocycle was also obtained in ah igh yield (3bv,9 3%), thereby paving the way to an ew family of spirocycles.T he utility of the method was finally tested in al ate-stage functionalization of av itamin Ed erivative,d elivering 3bw in good yield (65 %).
Thea pplication of another metathesis reaction, alkene metathesis,t om acrocycle synthesis has had at remendous impact on the synthesis of drug candidates,n atural products and supramolecular assemblies. [18] We thus envisaged that synthetically challenging sulfur macrocycles [19] could be accessed by taking advantage of the potential self-correcting ability of our reversible C À Sbond metathesis reaction.
Having established an efficient and scalable strategy toward the thiol precursors of these macrocycles,w et hen optimized our reaction conditions for the macrocyclization ( Table 3 ). Thef irst macrocycle (3ca)w as obtained in 68 % yield using this ring-closing sulfur-bond metathesis strategy. [20a,b] Interestingly,using our previous catalytic system (Pd-SingaCycle A1), even with ahigher catalyst loading of 10 %, the same macrocycle was formed in less than 20 %yield. This result suggests that the Pd catalyst is not active enough to catalyze the metathesis reaction under the highly diluted reaction conditions necessary for the macrocyclization. We then explored the scope with respect to starting materials bearing different chain lengths such as 15, 16, and 18 methylene units between the phenol and the thiol. All substrates readily cyclized under these conditions,a ffording the corresponding macrocycles (3cb, 3cc and 3cd)i n7 5, 48, and 37 %y ield, respectively.S urprisingly,t he dimer of (3cb) was also formed under the reaction conditions in as ynthetically useful 22 %isolated yield, affording arare 40-membered ring macrocycle,a sc onfirmed by X-ray analysis.T he para product 3ce,w hich has ac hain of 16 methylene units,c ould also be obtained in 44 %yield.
While palladium-catalyzed cross-coupling processes have usually been reported to proceed via aP d 0 /Pd II pathway [21a,b] the analogous nickel-catalyzed processes can proceed through different pathways because of the intrinsic higher stability of Ni I and Ni III species,although their role in catalysis has not yet been completely unraveled. While there have been examples of oxidative addition from Ni 0 to Ni II species, [22a-d] with pioneering example from Itamisg roup on Ni-dcype catalytic system, [23] CÀX( N, O, S) reductive elimination can often proceed through aN i III /Ni I pathway, particularly in the case of nitrogen or carbene ligands. [24a,b] Indirect evidence has also been provided through computational analysis and radical trapping experiments. [11h, 25a,b] In contrast, the direct observation of C À Xreductive elimination from Ni II is extremely rare. [26a-h] We thus became interested in [a] Yield of isolated product over 2s teps (%). 1) Substrate (0. 
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Communications 2112 www.angewandte.org studying the reaction mechanism through stoichiometric experiments and isolation of potential organometallic intermediates.T he ability of nickel complexes to span several oxidation states has been widely observed with some examples of Ni I species reported as active catalysts even when starting from Ni 0 pre-catalysts. [27a-c] To investigate this,w e commenced with the synthesis of aN i(dcype)(COD) complex [28] and tested its stoichiometric reactivity toward the aromatic thioether.W ed ecided to use thioanisole 1n and adamantanethiol 2h as model substrates since their crystalline nature may ease the isolation and generation of single crystals suitable for X-ray diffraction. Treatment of nickel complex 4 with lithium adamantanethiol salt did not result in the formation of any new Ni-ate species ( Figure S2 in the Supporting Information ).
We next proceeded to evaluate the reaction of complex 4 with the thioanisole derivative 1n (Scheme 2A). After 2hours at 75 8 8C, formation of complex 5 was observed by 31 P{H} NMR with resonances at d = 65 and 61, leading to product isolation (54 %y ield) after 16 hours ( Figure S3 ). Single-crystal X-ray analysis confirmed the identity of the oxidative addition product 5 (Scheme 2A). Thep utative transmetallation step was next studied through astoichiometric experiment between complex 5 and the isolated Li adamanthylthiol salt (Scheme 2B). Ther eaction was very slow at room temperature,h owever,i ncreasing the temperature to 90 8 8Cr esulted in the formation of an ew set of doublets (d = 62), reaching up to 30 %c onversion overnight ( Figure S5 ). Unfortunately,i tw as not possible to isolate as uitable crystal for X-ray analysis.A lternatively,w ew ere able to gather complementary information by synthesizing complex 6 through adifferent pathway.Oxidative addition of adamanthyl S-phenyl to complex 4 gave complex 6 in 50 % yield ( Figure S4 ). Gratifyingly,t he 31 P{H} NMR resonances matched the resonances of the previously observed compound, (Scheme 2B), thus confirming the viability of the transmetallation step.T he identity of complex 6 was further confirmed by X-ray analysis.W hile reductive elimination from Ni III has often been reported, [24, 25] such apathway is not viable under our catalytic conditions because of the microscopic reversibility principle.Reductive elimination from Ni II complex 6 provides am ore reasonable pathway to close the catalytic cycle (Scheme 2C). Interestingly,c omplex 6 could only undergo reductive elimination in the presence of 2equivalents of COD ( Figures S6 and S7) , while the catalytic reaction can, in contrast, proceed with substoichiometric COD.T his result is consistent with ar eversible reductive elimination process with as mall equilibrium constant favoring the oxidative addition complex 6.U nder stoichiometric conditions,the addition of COD is thus necessary to shift the equilibrium toward the product. We next confirmed the catalyticc ompetence of complexes 4 to 6 by using5mol %o f each complex under standard reaction conditions(Scheme 3A).
Based on the aforementioned mechanistic investigation and additional unsuccessful radical-trapping experiments, [29] we propose af ully reversible catalytic cycle based on aN i 0 / Ni II pathway (Scheme 3B). Thereaction is likely to start with oxidative addition of the S À Ph bond, followed by transmetallation between Ni À SMe and alkylS À Li and final reductive elimination to release the product. Although the intermediacyo fas hort-lived Ni I or Ni III species cannot be completely ruled out at this stage,o ur mechanistic experiments strongly support the Ni 0 /Ni II pathway. and innovation program (Shuttle Cat, Project ID:7 57608). We also thank the Carlsberg Foundation, the Max-Planck-Society and ETH Zürich. We thank Prof.B .L ist for sharing analytical equipment, the NMR, MS and X-ray departments of the MPI fürK ohlenforschung and ETH Zürich (Dr.N ils Tr app) for technical assistance.Apatent application for CÀS metathesis has been filed (WO2018162364).
